Abstract: Previous findings, such as split-line of the articular cartilage surface and curving of sliced cartilage specimen, would suggest that residual stress is contained in articular cartilage. This study was performed to determine the effect of collagen fibre-induced residual stress on the biphasic lubrication property of articular cartilage. A fibre-reinforced poroelastic model of articular cartilage was developed in Abaqus. In the model, residual stress was contained in the collagen fibre in the surface layer by applying 1-5% of tensile strain. Reciprocating friction analysis was performed between the model and a sphere at a friction speed of 1.0-10.0 mm/s. Results revealed that the coefficients of start-up and dynamic friction at second friction cycle were lower in residual stress model than in no-residual stress model, with the largest decreases observed at a friction speed of 1 mm/s. It was observed that rehydration was promoted in the bearing area in residual stress model. These results suggest that collagen-induced residual stress plays an important role in enhancing the biphasic lubrication property of articular cartilage.
Introduction
The lubrication property of articular cartilage is excellent; the lowest coefficient of friction of human hip joint was reported to be 0.005 in pendulum tests [1] . It is considered that the major lubrication mechanism of articular cartilage is hydrodynamic lubrication when friction speed is relatively high [2] [3] [4] [5] [6] . It is believed that biphasic lubrication is another major lubrication mechanism which functions even under conditions of low sliding speeds with high loads [7] [8] [9] [10] . This lubrication mechanism, originally developed by Mow et al. [7] , describes that friction force is kept low in articular motion because negligible friction occurs in fluid phase that bears the most of the applied load. Regarding biphasic lubrication, many experimental and analytical studies have been previously performed. Reynaud and Quinn [11] indicated that the hydraulic permeability of articular cartilage is significantly anisotropic and it becomes ten times lower in tangential direction than in normal direction under 30% of compressive strain. Following their experimental results, we performed an analytical study regarding the effect of anisotropic permeability on the frictional property of articular cartilage. We, then, found that the friction coefficient of articular cartilage was improved when the permeability in cartilage surface layer was set ten times lower in tangential direction than in normal direction [12] .
It is well known that articular cartilage surface can be split along collagen fibre direction in response to insertion of a dissecting needle [13] . This phenomenon is known as 'split-line' that would suggest a collagen fibre-derived residual stress contained in articular cartilage. However, no quantitative study has been performed so far as regard with the effect of residual stress on the frictional property of articular cartilage. Therefore, we performed an analytical study using a fibre-reinforced poroelastic biphasic model to determine the effect of collagen fibre-induced residual stress on the frictional property of articular cartilage.
Method
A fibre-reinforced two-dimensional poroelastic cartilage model was developed on Abaqus 6.14 (Dassault Systemes, USA), with reference to our previous study [12] (Fig. 1) . Articular cartilage of 3 × 1.5 mm was assumed to consist of fibre-reinforced poroelastic elements. Each element consisted of a pore pressure, plane strain element (CPE4RP) as a model of proteoglycan, and laterally oriented spring elements (SPRING A) as a model of collagen fibres (Fig. 2) . The permeability and Poisson' ratio of proteoglycan were obtained from previous studies [14] [15] [16] . To determine the elastic moduli of proteoglycan and collagen fibres, an unconfined compression and stress relaxation test was performed using a cylindrically-shaped cartilage/subchondral bone specimen obtained from immature porcine femoral cartilage. Both the parameters were determined through data fitting of analytical results to obtained experimental results (Fig. 3) . Note that the modulus of the collagen fibre was set to be dependent on compressive strain as follows, referring to a previous study by Li et al. [16] 
The developed cartilage model using parameters shown in Fig. 2 was termed as standard model. Then, residual stress model was set in which residual stress was contained in the collagen fibres in the surface layer of 0.3 mm in thickness by applying 1-5% of tensile strain. Note that compressive stress was applied to proteoglycan in the layer in response to the residual tensile stress and cartilage reached to equilibrium state. These models were termed as residual stress models. In friction analysis, a rigid sphere of 1 mm in diameter was indented to the standard model or residual stress model with a compressive force of 0.0576 N. After the compressive force was maintained at 0.0576 N for 5 s, the sphere was repetitively translated on the cartilage models in a stroke of 1 mm with a contact force of 0.0576 N at a friction speed of 1.0-10.0 mm/s. The coefficients of start-up friction at the first and second cycles were calculated from the integral of shear stress divided by the integral of contact pressure. The coefficient of dynamic friction at the first and second cycles was also determined from the average friction coefficient during both friction cycles. Moreover, distributions of interstitial fluid pressure and interstitial fluid flow in articular cartilage surface at the start of second friction cycle were also obtained.
Results
A typical change of frictional coefficient in friction analysis is shown in Fig. 4 . The maximum value observed in the first half was determined as the coefficient of start-up friction, while the average value in steady state observed in the last half was determined as the coefficient of dynamic friction. The coefficients of start-up and dynamic friction of articular cartilage at friction speeds of 1 and 10 mm/s were indicated in Figs. 5 and 6, respectively. At 1 mm/s of friction speed, the coefficient of start-up friction at the first cycle was ∼0.21 in standard model while it was slightly higher in residual stress models (Fig. 5) . However, the coefficient at the second cycle was ∼0.16 in standard model while it was much lower in residual models; ∼0.11 at 1% of strain and 0.13 at other strains. The coefficient of dynamic friction was also lower in residual stress models than in standard model at both the first and second cycles, with the largest decrease found at 1% of residual strain. These trends of coefficients of start-up and dynamic friction were also observed at 5% (not indicated) and 10% of friction speeds (Fig. 6 ), although differences between standard model and residual stress models became smaller. 
Discussion
To our knowledge, this study is the first one that analysed the effect of residual stress on the frictional property of articular cartilage. Friction analysis was performed for a fibre-reinforced twodimensional poroelastic cartilage model with reference to previous studies by Li et al. [16] , Sakai et al. [17] , and us [12] . However, there are some limitations regarding analysis and modelling in this study. Although Abaqus is a great software that enables us to analyse poroelastic materials containing interstitial fluid such as articular cartilage, it is impossible to handle inflow of fluid from outside into materials. Therefore, we have to take into account that effect of interstitial fluid may be slightly underestimated, and this tendency becomes more significant in longer analysis. This is a reason why friction analysis was performed only up to second cycle in this study. Another limitation is modelling; entire cartilage was modelled to be two dimensional, collagen fibres were modelled to tangentially align with uniform density, proteoglycan was modelled to be uniform and isotropic. Due to these limitations, available information determined from this study may be qualitative and does not provide numerical values. However, we believe that obtained results are still valuable for better understanding of the effect of collagen fibre-induced residual stress on articular cartilage friction.
The coefficients of start-up and dynamic friction were decreased at second cycle in residual stress models as compared with standard model, with the largest decreases of 29% in start-up friction and 31% in dynamic friction observed at a residual strain of 1% at a friction speed of 1 mm/s (Fig. 5) . For more precise determination, a friction analysis was further performed on the developed models at friction speed of 1 mm/s with a higher resolution of residual strain; 0.5, 1.0, 1.5, and 2.0%. As a result, the coefficient of start-up friction at second cycle indicated minimum at a residual strain of 0.5 and 1.0%, while the coefficient of dynamic friction at second cycle became minimum at a residual strain of 1.0% (Fig. 8) . These results imply that there is a condition of residual strain to keep friction minimum. The modulus of collagen fibres in residual stress models was higher than that in standard model due to contained residual stress, which probably resulted in higher negative pressure just behind contact region in residual stress model (indicated by a white arrow in Fig. 7 ) than in standard model. This probably caused a rapid rehydration towards the region, and subsequently caused a higher fluid load support in second friction cycle (indicated by a white dotted arrow in Fig. 7) . However, the collagen fibres of higher modulus in residual stress model, in another aspect, have negative affection to friction property. Less contact deformation due to higher modulus probably resulted in higher friction in residual stress models. Due to the above-mentioned positive and negative effects of residual stress, the coefficient of friction indicated minimum at 1% of residual strain in this study. In the friction analysis, average cycle of loading was 1 s at the middle point of friction stroke, because the stroke was 1 mm and friction speed was 1 mm/s. Therefore, obtained results may suggest that articular cartilage is naturally designed so that a better friction property can be maintained at a cycle of about 1 s that approximately corresponds with normal gait cycle.
As previously described, friction analysis was performed for only two cycles due to underestimation of the effect of interstitial fluid. Despite the limitation we found significant decreases in the coefficients of start-up and dynamic friction at second friction cycle in residual stress models as compared with standard model. It is considered that the decreases would be also significant in subsequent cycles. In conclusion, it is suggested that collagen-induced residual stress plays an important role in enhancing the biphasic lubrication property of articular cartilage. 
